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Main Questions
•• How is sediment deposited in How is sediment deposited in 

recirculation eddy beach bars during recirculation eddy beach bars during 
BHBFsBHBFs??

•• How is sediment eroded in response to How is sediment eroded in response to 
flows of various types of flows after a flows of various types of flows after a 
BHBF?BHBF?

•• Are flow constraints specified in the Are flow constraints specified in the 
ROD overly or underROD overly or under--restrictive in restrictive in 
promoting beach stability?promoting beach stability?



Beach Erosion Mechanisms
•• Turbulent transport when beach is Turbulent transport when beach is 

underwaterunderwater
•• Seepage erosion/piping  and Seepage erosion/piping  and rillingrilling by by 

groundwater outflow during falling groundwater outflow during falling 
stagestage

•• Failure by elevated groundwater pore Failure by elevated groundwater pore 
pressure duringpressure during

•• Wave erosion Wave erosion 



From the EIS of 1995



From Budhu (1992)



Note: The current Record of Decision requires a maximum upramp
rate of 113 m^3/s/hr and downramp rate of 42 m^3/s/hr.

From Budhu (1992)



From Budhu (1992)



From Budhu (1992)



Comprehensive model of beach stability

•• NAU (Springer, NAU (Springer, SabolSabol, and others) , and others) 
groundwater flow experiments and groundwater flow experiments and 
modelsmodels

•• ASU working on 3ASU working on 3--D eddy model of D eddy model of 
erosion and deposition; seepage erosion and deposition; seepage 
erosion experiments; cohesive erosion experiments; cohesive 
sedimentssediments

•• USGS GCMRC (Wright, Melis, Topping, USGS GCMRC (Wright, Melis, Topping, 
Brown, and others) Brown, and others) –– Field measurement Field measurement 
of flows, bar response, of flows, bar response, sedimentologysedimentology



30 Mile Sandbar Before Flood

30 Mile Sandbar After Flood



Beach Stability Slot
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Features of Recirculation Eddy
•• Eddy Recirculation zoneEddy Recirculation zone
•• Eddy Fence (Free Shear Layer)Eddy Fence (Free Shear Layer)
•• Reattachment zoneReattachment zone

-- intense intense large scale large scale turbulenceturbulence

Sediment trapSediment trap

Eddy recirculation zoneEddy recirculation zone

Reattachment zoneReattachment zone

Eddy FenceEddy Fence



Previous Numerical Approaches
•• 22--D depth averaged modelD depth averaged model

--CanCan’’t treat secondary flowt treat secondary flow
--Relies on adjusting unknown lateral diffusionRelies on adjusting unknown lateral diffusion

•• 22--D/ Quasi 3D/ Quasi 3--D models w/ secondary flow D models w/ secondary flow 
based on streamline curvaturebased on streamline curvature

--Unknown secondary flow structure inUnknown secondary flow structure in recirculation recirculation 
zones w/ complex topographyzones w/ complex topography

•• RANS 3RANS 3--D model (e.g. kD model (e.g. k--εε))
--Cannot capture time variability in the reattachment Cannot capture time variability in the reattachment 
zonezone --especially large scale turbulence produced especially large scale turbulence produced 
along the free shear layeralong the free shear layer



Previous Numerical Approaches
•• SomeSome models assume hydrostatic models assume hydrostatic 

pressurepressure
--Flow at the point of separation and reattachment Flow at the point of separation and reattachment 
zone have large zone have large advectiveadvective accelerations in the accelerations in the 
vertical momentum equationvertical momentum equation

•• Most models assume either a rigid lid or Most models assume either a rigid lid or 
no timeno time--variance of the water surfacevariance of the water surface

--Time variance of the water surface is critical to Time variance of the water surface is critical to 
accurately model large scale turbulenceaccurately model large scale turbulence

--Adequacy of assuming a rigid lid has not been Adequacy of assuming a rigid lid has not been 
provenproven



Employed Features
•• Full 3Full 3--dimensional equations (nondimensional equations (non--

hydrostatic)hydrostatic)

•• Large Eddy Simulation (LES) turbulent Large Eddy Simulation (LES) turbulent 
model model –– no timeno time--averagingaveraging

•• Body Fitted Coordinates (BFC) system Body Fitted Coordinates (BFC) system 
and Moving Grid system and Moving Grid system –– free water free water 
surfacesurface



Full 3D Equations
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Continuity EquationContinuity Equation

Momentum EquationsMomentum Equations
(Navier(Navier--Stokes Equation)Stokes Equation)

in which,in which, xxii or or xxjj = = xx, , yy, , zz, and, and uuii or or uujj = = uu, , vv, , ww



Large Eddy Simulation (LES)-
1

•• NN--S equations are spatiallyS equations are spatially--filtered, filtered, 
NOT timeNOT time-- or ensembleor ensemble--averaged.averaged.

Eddies, larger than grid scale, are Eddies, larger than grid scale, are 
directly calculated by spatiallydirectly calculated by spatially--
filtered Nfiltered N--S equations.S equations.

Eddies, smaller than grid scale (subEddies, smaller than grid scale (sub--
grid scale: SGS), are parameterized.grid scale: SGS), are parameterized.

uu = = uu (spatially filtered) + (spatially filtered) + uu’’ (fluctuation(fluctuation))



Large Eddy Simulation (LES)-2
•• SmagorinskySmagorinsky model is the simplest model is the simplest 

model for SGS closure.model for SGS closure.
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Body Fitted Coordinates (BFC)
•• Body Fitted Coordinates (BFC) is Body Fitted Coordinates (BFC) is 

employed to fit the grid to arbitrarily employed to fit the grid to arbitrarily 
shaped boundaryshaped boundary

Cartesian Coordinates SystemCartesian Coordinates System BFC Coordinates SystemBFC Coordinates System



Moving Grid System
•• Moving Grid system enables the model Moving Grid system enables the model 

to trace temporally changing free to trace temporally changing free 
water surface boundary. water surface boundary. 
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Operators for coordinates Operators for coordinates 
transformation into a combined transformation into a combined 
system of the BFC and a moving grid system of the BFC and a moving grid 
systemsystem

Example of combination of Example of combination of 
BFC and moving grid systemBFC and moving grid system



Existing Spur-dike Experiment
•• Calculation results compared with existing Calculation results compared with existing 

experimental results (experimental results (MunetaMuneta and Shimizu, 1994).and Shimizu, 1994).
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40cm
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DischargeDischarge 18701870 cmcm33/sec/sec
SlopeSlope 1/10001/1000
Channel lengthChannel length 700700 cmcm
Channel widthChannel width 4040 cmcm
DDownstream ownstream depthdepth 77 cmcm
Spur dike lengthSpur dike length 2020 cmcm
Spur dike widthSpur dike width 44 cmcm



Comparison (depth-averaged)

•• DepthDepth--averaged averaged 
recirculation eddy recirculation eddy 
is observed both is observed both 
in experiment in experiment 
and calculation and calculation 
results.results.

•• Calculated result Calculated result 
shows good shows good 
agreement. agreement. 



Results (particle tracing)
•• Particle tracing Particle tracing 

method is applied.method is applied.

•• Recirculation is Recirculation is 
clearly observed.clearly observed.

•• Reattachment point is Reattachment point is 
varying over time.varying over time.

•• JetJet--like stream can be like stream can be 
seen beside a spurseen beside a spur--
dike, and it has dike, and it has 
strong secondarystrong secondary--
flow.flow. Time: from 100(sec) to 170(sec)Time: from 100(sec) to 170(sec)



Results (vorticity: z-axis)
•• Intense horizontal Intense horizontal 

vorticity generated vorticity generated 
in the freein the free--shear shear 
layer (eddy fence)layer (eddy fence)

•• HorizonatalHorizonatal eddies eddies 
are intermittently are intermittently 
shed into the shed into the 
reattachment zonereattachment zone
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Time: from 100(sec) to 170(sec)Time: from 100(sec) to 170(sec)



Results (vorticity: x-axis)
•• Stable counterStable counter--

clockwise vorticity clockwise vorticity 
exists beside a exists beside a 
spurspur--dike.dike.

•• LargeLarge--scale scale 
vorticity generated vorticity generated 
in the reattachment in the reattachment 
zonezone

x

z

y
Time: from 100(sec) to 170(sec)Time: from 100(sec) to 170(sec)





Cohesive Bar Sediments

Photo by David Topping

Silver Grotto- 28 Mile



Particle Size DistributionParticle Size Distribution
(PRE(PRE--flood Samples, collected in Feb flood Samples, collected in Feb 

2004)2004)
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Particle Size DistributionParticle Size Distribution
(POST(POST--flood Samples, collected after Nov 2004)flood Samples, collected after Nov 2004)

Clay Silt Sand
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•• Each sample was eroded at a range of shear stressesEach sample was eroded at a range of shear stresses
•• ADV used to measure nearADV used to measure near--bed velocity, thus boundary bed velocity, thus boundary 

shear stressshear stress
•• 1.3mm infrared laser sheet and digital photographs used 1.3mm infrared laser sheet and digital photographs used 

to measure erosion with timeto measure erosion with time



•Samples extruded from cylinder below false floor 
of the flume (diameter:10.1 cm, height: 7.7 cm)



Example of Erosion profiles

Sample: RM270.57_R2 at Run 3: 0.626(N/m^2)



Erosion Rate vs. Shearing Stress
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Conclusions
•• Beach erosion happens by coupled Beach erosion happens by coupled 

processes of groundwater flow, processes of groundwater flow, 
seepage erosion, and turbulent flowseepage erosion, and turbulent flow
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